In mouse embryoid bodies, mutation of the tight junction protein cingulin results in changes in gene expression. Here, we studied the function of cingulin using a gene silencing approach in Madin-Darby canine kidney (MDCK) cells. Cingulin-depleted cells show higher protein and mRNA levels of claudin-2 and ZO-3, increased RhoA activity, activation of G 1 /S phase transition, and increased cell density. The effects of cingulin depletion on claudin-2 expression, cell proliferation, and density are reversed by coexpression of either a dominant-negative form of RhoA (RhoAN19) or the Rho-inhibiting enzyme C3 transferase. However, the increase in ZO-3 protein and mRNA levels is not reversed by inhibition of either RhoA, p38, extracellular signal-regulated kinase (ERK), or c-Jun NH 2 -terminal kinase (JNK), suggesting that cingulin modulates ZO-3 expression by a different mechanism. JNK is implicated in the regulation of claudin-2 levels independently of cingulin depletion and RhoA activity, indicating distinct roles of RhoA-and JNK-dependent pathways in the control of claudin-2 expression. Finally, cingulin depletion does not significantly alter the barrier function of monolayers and the overall molecular organization of tight junctions. These results provide novel insights about the mechanisms of cingulin function and the signaling pathways controlling claudin-2 expression in MDCK cells.
INTRODUCTION
Tight junctions (TJs) are of fundamental importance in the physiology of epithelial tissues. They form a semipermeable gasket, which seals the luminal from the internal compartment, and they contribute to the maintenance of the polarized organization of epithelial cells. TJs consist of a multiprotein complex made up of integral membrane and cytoplasmic proteins linked to the actin cytoskeleton (Gonzalez-Mariscal et al., 2003; Schneeberger and Lynch, 2004) . TJs have been implicated in the regulation of gene expression, cell proliferation, and differentiation, based on the interaction of some TJ proteins with transcription factors and signaling molecules . However, little is known on the role of specific TJ proteins in the control of gene expression and cell proliferation and on the mechanisms involved in this control.
Cingulin is a cytoplasmic TJ protein (Citi et al., 1988 (Citi et al., , 1989 ) for which no invertebrate homologue has been identified so far, suggesting that it is a vertebrate-specific TJ component. The cingulin molecule is a dimer, with globular (head) and coiled-coil (rod) domains (Cordenonsi et al., 1999) , and it is recruited to cell-cell junctions through the interaction of the head domain with ZO-1 (D' Atri et al., 2002; Umeda et al., 2004) . In addition to ZO-1, cingulin forms a complex with several other TJ proteins (Cordenonsi et al., 1999; Bazzoni et al., 2000) and interacts through its rod domain with the RhoA activator GDP/GTP-exchange factor (GEF)-H1/Lfc . Cingulin binding to GEF-H1/Lfc inhibits RhoA activation, providing a mechanism whereby formation of TJs and accumulation of cingulin at TJs are linked to inhibition of RhoA signaling .
To explore cingulin function, we developed mouse embryonic stem (ES) cells with a targeted mutation of cingulin, resulting in the deletion of the head domain . Differentiation of cingulin-mutant ES cells into embryoid bodies (EBs) led to the formation of epithelial cells with junctions lacking cingulin. The structure and function of TJ in mutant EBs were similar to those of control EBs. However, immunoblotting, microarray analysis, and quantitative real-time PCR showed that cingulin mutation resulted in changes in the expression of many proteins and genes, including the TJ proteins claudin-2, claudin-6, claudin-7, and occludin. Because cingulin mutation also affected the expression of transcription factors controlling endodermal differentiation, we concluded that the accumulation of cingulin at the TJ contributes to regulating cell differentiation and gene expression. However, it was not clear whether the phenotype was due to changes in endogenous cingulin levels or to the expression of a truncated form of cingulin, lacking the head domain. In addition, the molecular mechanism through which cingulin controls gene expression was not investigated. Finally, it remained to be seen whether cingulin controls gene expression only in EBs or also in other experimental model systems.
Here, we addressed all these questions by developing stable clones of cultured kidney epithelial cells (Madin-Darby canine kidney; MDCK) in which endogenous cingulin was depleted by expression of short hairpin RNAs (shRNAs). The results provide novel information about the mechanisms whereby cingulin controls TJ protein expression, cell proliferation and density, and the signaling pathways controlling claudin-2 expression in MDCKII cells.
MATERIALS AND METHODS

Materials
Antibodies against cingulin (36 -4401), claudin-2 (32-5600), claudin-3 (34 -1700), and claudin-7 (34 -9100) were from Zymed Laboratories (South San Francisco, CA). Anti-c-Jun NH 2 -terminal kinase (JNK) (9252) and anti-p-JNK (9255) antibodies were from Cell Signaling Technology (Beverly, MA). Other antibodies were as described in Guillemot et al. (2004) . The anti-ZO-3 antibody was from K. Matter and M. Balda (University College, London, United Kingdom). Anti-RhoA (sc-179) was from Santa Cruz Biotechnology (Santa Cruz, CA). Zeocin and blasticidin S were from Invitrogen (Carlsbad, CA). The signaling inhibitors Y-27632, SB202190, and SP600125 were from Tocris Cookson Inc. (Bristol, United Kingdom). U0126 was from Promega (Madison, WI).
Cell Culture and Generation of MDCK Clones Expressing shRNAs
MDCKII cells were cultured in DMEM (Sigma Chemical, Poole, Dorset, United Kingdom) containing 10% fetal bovine serum (FBS), 1ϫ minimal essential medium (MEM) nonessential amino acids, 100 U/ml penicillin, and 100 g/ml streptomycin. Six shRNAs were designed from the DNA coding sequence of canine cingulin (Paschoud and Citi, unpublished data) using the Whitehead small interfering RNA (siRNA) selection program (Yuan et al., 2004) , and one shRNA was chosen randomly. The sequences were submitted to a BLAST search to avoid targeting of other canine genes. Complementary oligonucleotides showing the sense and the antisense cingulin-targeting sequences separated by a nine-base pair loop region, the RNA polymerase III termination sequence and the BglII and HindIII half-sites used for ligation were synthesized. Annealed oligonucleotides were cloned downstream of the human H1 promoter in the pSUPER vector (Brummelkamp et al., 2002) and transiently transfected in MDCK cells (using Lipofectamine 2000; Invitrogen) together with a pGL3 reporter gene in which the canine cingulin sequence was cloned downstream of a luciferase gene. Luciferase assays showed that only two shRNA (#2 and #5) decreased the reporter gene activity, whereas the randomly designed shRNA#7 had no effect (our unpublished data). The sequences targeted by shRNA were as follows: 5Ј-AAACCTCTGTGAGGAG-GAA-3Ј (shRNA#1), 5Ј-AGAGCATGTTCCAGAAGAA-3Ј (shRNA#2), 5Ј-AG-ATTCGCTTCATCACAGA-3Ј (shRNA#3), 5Ј-CCATTGGAATGGAAGGCTA-3Ј (shRNA#4), 5Ј-ACATGAAGCTCCTTGTGGA-3Ј (shRNA#5), 5Ј-GGCCACTAT-CTATAGCATC-3Ј (shRNA#6), and 5Ј-TCTACGACCCTTCTTCCAT-3Ј (shRNA#7). To create stable cell lines, selected shRNAs (#2, #5, and #7) were subcloned downstream of the human H1 promoter/Tet operator in the pTER vector (van de Wetering et al., 2003) and transfected into MDCK cells. Clones (n ϭ 48 for constructs #2 and #5; n ϭ 6 for construct #7) were isolated after selection in medium containing 0.6 mg/ml zeocin and analyzed by immunoblotting using anti-cingulin antibodies.
Expression of TetR, C3 Transferase, and RhoAN19
MDCK cell clones were transfected with either pcDNA6/TR (a gift from K. Matter, University College London, London, United Kingdom), pRK5-C3 transferase, pcDNA3-RhoAN19 (a gift from E. Olson, University of Texas Southwestern Medical Center, Dallas, TX), pRK5, or pcDNA3. After 24 h, cells transfected with pRK5-C3 transferase and pRK5 were lysed for immunoblotting and quantitative real-time (qRT)-PCR. Cells transfected with other plasmids were selected in medium containing either 0.75 mg/ml neomycin or 3 g/ml blasticidin. Stably transfected cells were lysed 2-3 wk later and analyzed by immunoblotting and qRT-PCR.
Treatment with Signaling Inhibitors and Immunoblotting
The signaling inhibitors Y-27632 (1 and 10 M), U0126 (15 M), SB202190 (20 M), and SP600125 (30 M) were added to the culture medium for 16 h before cell lysis. Inhibitor concentrations were chosen based on manufacturer's directions, current literature (Altan and Fenteany, 2004) , and preliminary titrations of three different concentrations of each inhibitor, which showed dose-dependent effects on cell morphology, indicating a biological activity. Lysates (with or without inhibitors) were prepared and analyzed by immunoblotting as described previously (Bordin et al., 2004; Guillemot et al., 2004) . Protein concentrations were determined using the DC protein assay (Bio-Rad, Hercules, CA), and gel loadings were normalized by immunoblotting with antibodies against ␣-tubulin.
Quantitative qRT-PCR
Total RNA was prepared, reverse-transcribed, and analyzed by SYBR Greenbased real-time PCR, as described previously . Student's t test was performed using the GraphPad Prism 4 software (GraphPad Software, San Diego, CA).
RhoA and JNK Activity Assays
To measure RhoA activity, MDCK cells in 100-mm dishes were washed twice with ice-cold phosphate-buffered saline (PBS) and lysed in 1 ml Mg 2ϩ lysis/ wash buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 1% NP-40, 10 mM MgCl 2 , 1 mM EDTA, 10% glycerol, 25 mM NaF, 1 mM Na 3 VO 4 , 0.1 mM phenylmethylsulfonyl fluoride [PMSF] , and 10 g/ml antipain-leupeptin-pepstatin cocktail), and lysates were clarified by centrifugation at 14,000 ϫ g. Lysates containing equivalent amounts of total RhoA protein were incubated with glutathione-Sepharose beads containing 20 g of glutathione S-transferase (GST)-rhotekin/Rho-binding domain (RBD) (a gift from K. Burridge, University of North Carolina, Chapel Hill, NC) fusion protein. The beads were washed, resuspended in SDS sample buffer, boiled, and active RhoA was detected by immunoblotting. To determine JNK activity, MDCK cells in 100-mm dishes were washed twice with ice-cold PBS and suspended in 0.25 ml of lysis buffer (25 mM HEPES, pH 7.5, 100 mM NaCl, 1.5 mM MgCl 2 , 0.5 mM EGTA, 0.25 mM EDTA, 0.1% NP-40, and 10 mM NaF) containing freshly added protease and phosphatase inhibitors (40 mM ␤-glycerophosphate, 2 mM Na 3 VO 4 , 1 mM PMSF, and 10 g/ml antipain-leupeptin-pepstatin cocktail). Samples were analyzed by immunoblotting, as described above. Active JNK were revealed on polyvinylidene difluoride membrane (Millipore, Billerica, MA) using anti-p-JNK antibodies.
Measurement of Transepithelial Electrical Resistance (TER) and Paracellular Flux Assay
To measure TER of MDCK monolayers, cells were plated in duplicate in 24-mm Transwell filters (Corning Life Sciences, Acton, MA) in Ca 2ϩ -free medium (S-MEM) containing 10 mM HEPES, 5% dialyzed FBS, 2 mM lglutamine, 2 M EGTA, and 1ϫ MEM nonessential amino acids. Sixteen hours later, TER was measured (t ϭ 0 h), and the low calcium medium was replaced by normal medium (calcium-switch). TER was measured 0.5, 1, 2, 3, 4, 6, 8, 24, 28, 32 , and 48 h after the switch. Data from three separate experiments were averaged and are expressed as ohm ⅐ cm 2 . The paracellular flux assay was as described in Marzesco et al. (2002) . Briefly, MDCK cells were cultured in duplicate for 5 d to reach the steady state in 24-mm Transwells. Fluorescein isothiocyanate (FITC)-dextran (4 or 300 kDa) was added to the apical compartment at a final concentration of 2 mg/ml. The basal compartment medium was collected after 4-h incubation at 37°C, and FITC-dextran was measured with a SFM25 spectrofluorometer (excitation, 492 nm; emission, 520 nm; Kontron Instruments, Watford, Herts, United Kingdom). A minimum of two independent measurements was performed for each sample, in three separate experiments.
Wound Healing Assay
Confluent MDCK monolayers were scratched with a 10-l pipette tip, with or without a 1-h preincubation with the DNA synthesis inhibitor mitomycin C (3 g/ml), to block cell proliferation. Wound areas were imaged at 0 and 7 h with an Axiovert S100 TV inverted microscope (Carl Zeiss, Jena, Germany). Experiments were done in duplicate wells, and three wound areas were measured for each well by using Adobe Photoshop CS2 software (Adobe Systems, Mountain View, CA).
Immunofluorescence
MDCK cells were labeled for immunofluorescence as described previously (Bordin et al., 2004) . Coverslips were mounted in ProLong antifade medium (Invitrogen) and cells were imaged using an Axiovert S100 fluorescence microscope.
Proliferation and Cell Density Analysis
To measure cell proliferation, MDCK cells were seeded at a low density (5600 cells/cm 2 ), cultured on coverslips for 2 d, and growth-arrested in DMEM supplemented with 0.1% FBS for another 2 d. Cell cycle reentry was induced by adding medium containing 10% FBS for 16 h, in the presence of 100 M 5-bromo-2Ј-deoxyuridine (BrdU) (with or without 30 M SP600125). Cells were fixed and incubated with mouse anti-BrdU antibodies with nuclease (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom). Cells were washed with PBS, stained with an FITC-labeled anti-mouse antibody, and mounted in medium containing 1.5 g/ml 4,6-diamidino-2-phenylindole (DAPI). For each sample, between 2000 and 3000 cells were counted.
For cell density analysis, MDCK cells were seeded at confluence and cultured for 7 d in 12-well plates and on coverslips in 24-well plates (with or without 30 M SP600125). Cells in 12-well plates were then trypsinized and counted in a hemacytometer or imaged by phase contrast microscopy. Cells in 24-well plates were incubated with 100 M BrdU for 16 h and analyzed as described above.
RESULTS
Cingulin Knockdown in MDCK Cells Results in
Up-Regulation of the Expression of Claudin-2, ZO-3, and RhoA, and Increased RhoA Activity In mouse EBs, the targeted mutation of cingulin alters the expression of genes coding for TJ proteins, with claudin-2 up-regulation being quantitatively the most striking effect (21-fold; Guillemot et al., 2004) . To determine whether cingulindependent control of gene expression is restricted to EBs or has a more general significance, stable MDCK clones in which cingulin expression was knocked down by siRNA were obtained. Among different shRNA sequences targeted against canine cingulin, two sequences (shRNA#2 and shRNA#5) were identified that decreased the activity of a reporter gene having the cingulin sequence cloned downstream of a luciferase gene, and one sequence (shRNA#7) that was inactive (our unpublished data). MDCK cells were transfected with these three shRNAs cloned in a pSUPER-derived pTER vector, and stable clones were isolated. Immunoblotting analysis showed significant down-regulation of cingulin in several clones transfected with either the shRNA#2 or the shRNA#5 constructs. Because these clones behaved identically in all of our assays, only data from three cingulin knockdown (KD) clones (A, B, and C) expressing shRNA#2 are shown here.
Immunoblotting analysis with anti-cingulin antibodies showed that stable clones A, B, and C contained significantly less cingulin (between 87 and 98%, depending on cell lysates) than WT MDCK cells ( Figure 1A ). On the contrary, clones expressing the control shRNA#7 construct (clones 1, 2, and 3) contained levels of cingulin protein that were indistinguishable from WT cells ( Figure 1A ). We next tested whether cingulin depletion affects the expression levels of other TJ proteins. Immunoblotting analysis showed that both control clones and cingulin KD clones contained amounts of ZO-1, ZO-2, occludin, JAM-1, PAR-3, ZONAB, GEF-H1/ Lfc, claudin-3, claudin-6, and claudin-7, which were very similar to WT cells ( Figure 1A ). However, cingulin KD clones contained higher levels of claudin-2 (ϳ3.1-fold) and ZO-3 (ϳ1.9-fold), compared with WT cells or control clones ( Figure 1A ). Interestingly, claudin-2 mRNA levels, but not ZO-3 protein and mRNA levels, were increased in cingulinmutant EBs . In addition, although levels of RhoA protein seemed similar in all cells, levels of active RhoA were increased in cingulin KD clones ( Figure  1A ; Aijaz et al., 2005) .
To determine whether cingulin depletion affects the mRNA expression levels of TJ proteins, we used qRT-PCR. In cingulin KD clones, cingulin mRNA levels were reduced on average to ϳ17% of WT cells, whereas claudin-2 and ZO-3 mRNA levels were increased ϳ3.0-and ϳ1.7-fold, respectively, compared with WT cells ( Figure 1B ). Although the protein expression level of RhoA did not seem to be affected by cingulin knockdown ( Figure 1A ), RhoA mRNA levels were increased ϳ1.5-fold in cingulin KD clones ( Figure 1B ). mRNA levels of occludin and GEF-H1/Lfc were also slightly decreased in cingulin KD clones ( Figure 1B ), although these changes did not correlate with decreased protein levels ( Figure 1A) .
To demonstrate that changes in claudin-2 and ZO-3 expression were specifically due to cingulin depletion, WT cells and control and cingulin KD clones were transfected with the Tet repressor (TetR), which blocks shRNA expression by the pTER vector. Immunoblotting analysis showed that when cingulin KD clones expressed TetR, cingulin, ZO-3 and claudin-2 levels returned to the same level as control clones and WT cells ( Figure 1C ). In contrast, expression of TetR did not modify the amounts of cingulin, ZO-3, and claudin-2 in WT cells and control clones ( Figure 1C ). The rescue of the cingulin KD phenotype by coexpression of TetR was validated by qRT-PCR analysis. Indeed, the increase of mRNA levels of ZO-3, claudin-2, and RhoA in the cingulin KD clones was reversed by the expression of TetR ( Figure 1D ). Together, these results show that in MDCK cells, cingulin specifically controls the expression levels of claudin-2 (protein and mRNA), ZO-3 (protein and mRNA) and RhoA (mRNA).
Up-Regulation of Claudin-2, but Not ZO-3 Expression, in Cingulin-depleted Cells Is Dependent upon RhoA Activity Cingulin inhibits RhoA activation through its interaction with GEF-H1/Lfc , and cingulin depletion results both in increased RhoA activation and changes in gene expression (Figure 1 ). We therefore hypothesized that cingulin depletion increases claudin-2 and ZO-3 expression through its effect on RhoA. To test this model, we transfected WT cells and control and cingulin KD clones with either the dominantnegative RhoAN19 construct (Figure 2, A and C) or the Rhoinhibiting enzyme C3 transferase (Figure 2, B and D) . In both cases, the amount of active RhoA was dramatically reduced, as demonstrated by immunoblotting analysis of GST pull-down assays of active RhoA ( Figure 2E ). Strikingly, RhoAN19 and C3 transferase not only prevented the up-regulation of claudin-2 expression in the cingulin KD clones but also reduced it to levels below that seen in untreated WT cells (Figure 2, A and  B) . Control clones and WT cells also showed a reduction in claudin-2 expression upon transfection with either RhoAN19 or C3 transferase (Figure 2, A and B) , indicating that a constitutive activity of RhoA contributes to maintaining claudin-2 expression. In contrast, ZO-3 protein levels were not affected by the inhibition of the RhoA activity (Figure 2, A and B) . qRT-PCR analysis confirmed that in WT cells, control and cingulin KD clones claudin-2 mRNA levels were decreased, to ϳ50% of WT levels, by inhibition of RhoA activity by either RhoAN19 ( Figure 2C ) or C3 transferase ( Figure 2D ). Together, these results indicate that regulation of claudin-2, but not ZO-3 levels, by cingulin is dependent upon RhoA activity.
To determine whether ROCK kinases act as downstream effectors of RhoA in the up-regulation of claudin-2 induced by cingulin depletion, we treated cells with the ROCK kinase inhibitor Y-27632. As shown in Figure 2F , neither claudin-2 nor ZO-3 protein levels were affected by treatment with this inhibitor, indicating that ROCK kinases are not implicated in the control of claudin-2 expression.
JNK Regulate Claudin-2 Expression Independently of Cingulin Depletion and RhoA Activity
The MAPK/extracellular signal-regulated kinase (ERK) kinase pathway has been implicated in the control of claudin-2 expression (Kinugasa et al., 2000; Lan et al., 2004; Singh and Harris, 2004; Yamamoto et al., 2004; Lipschutz et al., 2005; Murata et al., 2005) . To investigate the role of this and other signaling pathways in the up-regulation of claudin-2 and ZO-3 in cingulin KD clones, cingulin-depleted cells were treated with either the MAPK/ERK inhibitor U0126, the p38 kinase inhibitor SB202190, or the JNK inhibitor SP600125 ( Figure 3A) . None of these inhibitors affected the protein expression levels of ZO-3 ( Figure 3A) . However, the JNK inhibitor SP600125 significantly decreased the amount of claudin-2 in lysates of the cingulin KD clone A ( Figure 3A ).
To study in further detail the role of the JNK pathway, WT cells, control and cingulin KD clones were treated with the JNK inhibitor SP600125, and lysates were analyzed by immunoblotting with antibodies to cingulin, ZO-3, and claudin-2 ( Figure 3B ). The JNK inhibitor did not affect the protein expression levels of cingulin and ZO-3 in WT cells and control and cingulin KD clones. However, in WT cells and control clones treated with the JNK inhibitor, claudin-2 protein was decreased to almost undetectable levels ( Figure 3B ). In treated cingulin KD clones, claudin-2 was still detectable but in much lower amounts than in untreated cells ( Figure  3B ). The JNK inhibitor SP600125 effectively decreased phospho-JNK (p-JNK) levels, as shown by immunoblotting analysis with anti-phospho-JNK antibodies ( Figure 3C ). This demonstrates a role of the JNK signaling pathway in the regulation of claudin-2 expression.
To test whether the up-regulation of claudin-2 expression in cingulin KD clones is due to a modification of the JNK activity, we examined the amount of active JNK in WT cells and control and cingulin KD clones by immunoblotting with anti-p-JNK antibodies ( Figure 3D, NT) . The results showed that cingulin depletion does not significantly affect the activity of JNK. Furthermore, we tested whether JNK are downstream of RhoA, by examining JNK activity in cells transfected with RhoAN19 ( Figure 3D, RhoAN19) . The levels of p-JNK were similar in WT cells and control and cingulin KD clones, and they were not affected by RhoAN19, showing that RhoA activity does not influence JNK activity. If RhoA and JNK independently control claudin-2 expression, the effect of their inhibition on claudin-2 levels should be cumulative. To test this hypothesis, we carried out immunoblotting analysis of claudin-2 in cingulin KD clones where both JNK and RhoA or only JNK were inhibited. The results showed that claudin-2 levels are further decreased when both JNK and RhoA are inhibited ( Figure 3E ). In summary, although JNK control claudin-2 expression in MDCKII cells, JNK activity is not influenced by cingulin depletion and is not involved in the RhoA-dependent up-regulation of claudin-2 expression. Cingulin Knockdown Does Not Significantly Affect TJ Barrier Function, the Localization of TJ Proteins, and Cell Motility We next tested whether the up-regulation of claudin-2 and ZO-3 could affect the barrier function of TJ. In MDCK cells, the barrier function of TJ can be evaluated by measurement of TER and permeability to FITC-dextran, which allow one to quantitate the flux of electrolytes and nonelectrolytes through the paracellular pathway. TJ formation in cultured monolayers was induced by the calcium-switch protocol, and the TER was measured up to 2 d after the switch ( Figure  4, A and B) . The time required to reach the peak of TER (6 h) was the same in WT cells, control clones ( Figure 4A) , and cingulin KD clones ( Figure 4B ). Although the TER values for the three cingulin KD clones at the peak of TER and 2 h before and after the peak were slightly (ϳ10 -20%) lower than for WT cells ( Figure 4B ), these differences were not found to be statistically significant. In addition, TER values at the other time points, including in the steady state, were similar to control clones and WT cells (Figure 4, A and B) . Finally, no significant difference was observed when comparing the steady-state permeability to 300-kDa FITC-dextran and 4-kDa FITC-dextran of confluent monolayers of control and cingulin KD clones, with respect to WT cells (Supplemental Figure 1A) . Together, these results indicate that the barrier function of TJs is not significantly altered by cingulin depletion.
To characterize the effect of cingulin depletion on TJ organization, cells were immunofluorescently labeled with antibodies against cingulin, claudin-2, ZO-3 ( Figure 4C ), ZO-1, and occludin (our unpublished data). Cingulin KD clones showed reduced cingulin junctional immunostaining (Figure 4C) , consistent with the decrease in the cingulin protein level observed by immunoblotting. The intensity of labeling for claudin-2 and ZO-3 was similar in WT cells, control and KD clones ( Figure 4C ), suggesting that the immunofluorescence signal was saturated and did not reflect the increase in the protein levels. Notably, the distribution of ZO-3 and claudin-2 labeling (and also ZO-1 and occludin; our unpublished data; also see Aijaz et al., 2005) were very similar in WT cells and control and cingulin KD clones ( Figure 4C ), indicating that cingulin depletion does not alter the organization of TJ.
Because active RhoA is increased in cingulin KD clones compared with WT cells (Figure 1A) , and Rho GTPases are involved in dynamic cellular processes such as cell migration (Jaffe and Hall, 2005) , we tested the effect of cingulin depletion on cell migration, using a wound healing assay. As shown in Supplemental Figure 1B , no significant difference was observed in the migration of the cingulin KD clones compared with the control clones and WT cells, both in the presence of mitomycin C, which blocks cell proliferation, or in its absence. This result indicates that cingulin depletion does not significantly affect the migration of MDCK cells.
Cingulin Controls Activation of G 1 /S Phase Transition and Cell Density through Modulation of RhoA Activity
Because down-regulation of GEF-H1/Lfc results in an inhibition of the G 1 /S phase transition, and cingulin acts as an inhibitor of GEF-H1/Lfc , we tested whether cingulin depletion stimulates G 1 /S phase transition. Serumstarved cells grown at low density were stimulated to enter the cell cycle by addition of serum-containing medium, and transition through the S phase was measured by determining BrdU incorporation. In WT cells and control clones, ϳ55% of cells had gone through S phase 16 h after serum addition ( Figure  5A ). In cingulin KD clones, Ͼ75% of cells had gone through S phase, indicating that cingulin depletion activates G 1 /S phase transition. Moreover, expression of TetR ( Figure 5A ) reversed this effect, indicating that it is specifically due to cingulin depletion.
We next tested whether cingulin levels regulate the density of confluent monolayers. In cingulin KD clones, cell numbers at high confluence were ϳ40 -55% higher than those of control clones or WT cells ( Figure 5B ). This effect was specific, because it was blocked by coexpression of TetR ( Figure 5B ). To determine whether cingulin depletion affects cell cycle arrest in high-density monolayers, cells were labeled with DAPI and BrdU at high confluence ( Figure 5C ). Immunofluorescent analysis with DAPI confirmed that cell density was increased in cingulin KD clones and that this effect was reversed by the expression of TetR ( Figure 5C ). Indeed, compared with WT cells or control clones, cingulin KD clones cultured for 7 d at confluence showed a larger number of cells per unit surface area, resulting in cells of smaller size, forming a tightly compact monolayer ( Figure  5D ). However, cingulin depletion did not change the proliferation rate of cells in high-density monolayers, because only ϳ2-3% of cells had gone through S phase (BrdUpositive cells) in WT cells, control clones, and cingulin KD clones ( Figure 5C ). In summary, cingulin depletion stim- ulates G 1 /S phase transition and increases cell density in MDCK monolayers, without affecting cell cycle arrest at high confluence.
We next investigated the role of RhoA in the cingulindependent regulation of G 1 /S phase transition and cell density. Transfection with the dominant-negative RhoAN19, but not with empty vector, reversed the stimulation of G 1 /S phase transition induced by cingulin depletion and reduced cell proliferation both in WT cells and control clones ( Figure  5E ). Moreover, RhoAN19 inhibited the increase in cell density induced by cingulin depletion, without affecting either the density of WT cells and control clones (Figure 5, F and G) , or cell proliferation in high-density monolayers ( Figure  5G ). These results indicate that in MDCK cells, the regula- tion of G 1 /S-phase transition and density by cingulin is dependent upon RhoA activity.
Although JNK activity controls claudin-2 expression independently of RhoA activity and cingulin levels, we also examined the effect of JNK inhibition on cell proliferation (Supplemental Figure 2) . Short-term treatment of cells with SP600125 resulted in ϳ50% decrease in cell proliferation in WT cells, control and cingulin KD clones (Supplemental Figure 2A) . Long-term treatment of cells with SP600125 resulted in an ϳ90% decrease in cell density and severely altered cell morphology and size (Supplemental Figure 2, B-D) .
DISCUSSION
In this article, we demonstrate that in MDCKII cells cingulin regulates claudin-2 gene expression, cell proliferation, and cell density via a RhoA-dependent signaling pathway. Second, we show that cingulin depletion up-regulates ZO-3 expression, but RhoA is not involved in this regulation, indicating the presence of RhoA-dependent and -independent pathways in the control of gene expression by cingulin. Third, we show that inhibition of JNK signaling pathway reduces claudin-2 expression in WT and cingulin-depleted cells, independently of RhoA activity and cingulin levels, revealing a novel role of this pathway in the control of claudin-2 expression.
In EBs, cingulin mutation up-regulates claudin-2, claudin-6, claudin-7, occludin, ZO-2, and GEF-H1/Lfc, and down-regulates ZO-1 . In MDCK cells, cingulin depletion only seems to up-regulate the expression of claudin-2 and ZO-3. These differences could be explained by taking into account the different characteristics of the two experimental systems. EBs are heterogeneous structures, derived from undifferentiated embryonic cells, whereas MDCK cells are a differentiated kidney epithelial cell line. Their responses to experimental treatments may be qualitatively and quantitatively different. The observation that heterozygous mutant EBs had the same phenotype as homozygous mutant EBs suggested that changes in gene expression could be due either to the reduction in junctional cingulin levels or to the expression of a mutant form of cingulin (lacking the head domain). The present study, showing that depletion of cingulin from MDCK cells results in changes of gene expression, argues in favor of the hypothesis that the phenotype of heterozygous and homozygous mutant EBs was due to a reduction in junctional cingulin, compared with WT EBs.
Binding of the RhoA activator GEF-H1/Lfc to cingulin inhibits RhoA signaling . Here, we demonstrate that RhoA, but not ROCK kinases, is involved in the up-regulation of claudin-2 expression and the increased cell proliferation and density induced by cingulin depletion. Although it is likely that RhoA activation induced by cingulin depletion in our system is due to the functional activation of GEF-H1/Lfc, additional mechanisms cannot be excluded. For example, analysis of dominant-negative mutants of ZO-3 suggests that ZO-3 acts by sequestering the armadillo family protein p120 catenin (Wittchen et al., 2003) . Because p120 catenin acts as a negative regulator of RhoA (Anastasiadis et al., 2000) , cingulin depletion might activate RhoA also through the increase in ZO-3 levels. However, this mechanism would not apply to EBs, where ZO-3 levels are not affected by cingulin mutation . Rho GTPases are involved in control of cell migration (Jaffe and Hall, 2005 ). Yet, we noted that no significant changes in cellular motility were detected in cingulin-depleted MDCK cells, which had increased active RhoA. This may due to the fact that the increase in the amount of active RhoA did not reach a threshold level, necessary to elicit changes in cytoskeletal organization in this context. Alternatively, negative feedback mechanisms may be activated in these cells, which counterbalance the effects of RhoA activation on the cytoskeleton.
Our data show that constitutive RhoA and JNK signaling pathways are required to maintain physiological levels of claudin-2 and proliferation of MDCKII cells. Claudin-2 levels were dramatically reduced by treatment with the JNK inhibitor in WT cells and control and cingulin KD clones. However, because cingulin depletion does not modify JNK activity, the effect of cingulin depletion on claudin-2 levels is unlikely to depend on JNK. More importantly, because inhibition of RhoA does not influence JNK activity, JNK are not involved as a downstream effector of RhoA in the up-regulation of claudin-2 induced by cingulin depletion. Thus, claudin-2 expression in MDCKII cells is regulated through at least two independent pathways, involving RhoA and JNK, respectively. Previous studies have indicated an involvement of the ERK pathway in the regulation of claudin-2 expression (Kinugasa et al., 2000; Lan et al., 2004; Singh and Harris, 2004; Yamamoto et al., 2004; Murata et al., 2005) . However, treatment of only MDCKI, but not MDCKII cells, with the ERK inhibitor U0126 up-regulates claudin-2, suggesting that the ERK pathway is not implicated in the up-regulation of claudin-2 expression in MDCKII cells (Lipschutz et al., 2005) . In contrast to what observed for claudin-2, the up-regulation of ZO-3 induced by cingulin depletion was not affected by either inhibition of RhoA, or other signaling pathways (ERK, p38, and JNK). Thus, further studies will be necessary to determine the mechanisms through which cingulin depletion up-regulates ZO-3.
The present results confirm the notion that cingulin is not an essential structural component of TJ, because the junctional localizations of claudin-2, ZO-3, ZO-1, and occludin were not significantly altered by cingulin depletion (also see Guillemot et al., 2004) . With regard to the barrier function of TJs, it should be noted that exogenous claudin-2 expression decreases the TER in MDCKI cells, which lack claudin-2 (Furuse et al., 2001) . However, our cingulin-depleted clones were obtained from MDCKII cells, which already express claudin-2, and have a relatively low TER. Cingulin-depleted monolayers showed a slight decrease in TER values at 4 -8 h after start of junction assembly by the calcium switch, consistent with the notion that increased claudin-2 levels correlate with lower TER, due to increased permeability to cations (Amasheh et al., 2002) . However, this decrease in TER was not statistically significant, and at steady-state the barrier function of cingulin-depleted clones was similar to WT cells. This suggests that increased claudin-2 expression in cingulin-depleted cells does not affect the permeability properties of the monolayer, possibly due to yet undetermined counteracting mechanisms.
Previously, it was shown that inhibition of GEF-H1/Lfc by RNA interference or by overexpression of fragments of cingulin that bind to GEF-H1/Lfc results in an inhibition of cell proliferation . Because cingulin binds to and inactivates GEF-H1/Lfc, we postulated that cingulin depletion would result in increased cell proliferation. The results presented here confirm this hypothesis, and further show that cingulin regulates cell density in a Rho-A dependent manner, resulting in tightly packed monolayers of smaller cells. These results highlight the possible role of cingulin as a junctional protein that contributes to the regulation of cell growth and shape, through its effect on RhoA. The increase in cellular cingulin content in differentiating cells (Bordin et al., 2004; Guillemot et al., 2004) may both fine-tune the expression of claudin-2 (and possibly other TJ proteins), and contribute to the regulation of cell proliferation. This could be one of a number of regulatory mechanisms that control epithelial tissue biogenesis. Indeed, several TJ-associated proteins have been implicated in signaling pathways that regulate gene expression and cell proliferation (reviewed in . However, very little is known about the targets of regulation by these proteins. Because of the complexity of signaling pathways controlling cell growth and differentiation, it is essential to clarify the role of each junctional component in different pathways and experimental contexts. Our work provides new insights into this direction.
